The survival of DNA, the most informative biological molecule, for periods of at least several thousand years in bone was demonstrated more than four years ago. However, difficulties with authenticating ancient DNA have made diagenetic studies problematic. It is therefore essential that these problems be overcome before the question of DNA survival can be addressed. Here we describe our work with a range of Holocene skeletal material from domestic animals and humans, and discuss how we go about authenticating the results. In the first instance, results should be reproducible between different laboratories, in order to eliminate the possibility of laboratory-specific contamination. The main risk is then contamination of the material prior to sampling for DNA. It is therefore important to have criteria whereby the authenticity of the results can be evaluated. These include amplification with species-specific primers to target DNA from domestic animals, sex determination in humans, and phylogenetic position in both. Since animals can be tested for the presence of contaminating human DNA, work with animals can be used to control and assess methodology. Our initial studies in this area suggest that more than 50% of skeletal remains from the past two thousand years are likely to contain amplifiable endogenous DNA, but that in the case of human material great care is needed to distinguish this from contamination introduced before the samples reach the laboratory.
Introduction
A lthough the recovery of what has become known as ''ancient'' DNA from bone was first reported more than four years ago (Hagelberg et al., 1989; Horai et al., 1989; Hanni et al., 1990; Theusen & Engberg, 1990; Williams et al., 1990) , there is still relatively little known about the extent to which DNA survives in skeletal remains. The main reason for this has probably been the difficulty in authenticating results, which remains the principal concern due to the possibility of contamination by modern DNA. Ancient DNA is highly damaged and degraded (Pääbo, 1989) and in many cases it seems that even minute quantities of modern contaminating sequences are sufficient to out-compete ancient template during amplification by the polymerase chain reaction (PCR). The problem is exacerbated by the desire of many workers to study human remains, since the problem of contamination is very much more acute in such cases.
DNA that survives the immediate autolytic actions following the death of an organism is degraded mainly by hydrolysis and, especially, oxidation. Theoretical estimates from biochemical work suggest that fully hydrated DNA could survive for tens of thousands of years, particularly if preserved at low temperature (Lindahl, 1993) . Ancient DNA has been reported from skins of up to 13,000 years old (Pääbo, 1989) , mummified soft tissues up to 5000 years old (Pääbo, 1989 ), brain tissue preserved in neutral bogs 7-8000 years old (Doran et al., 1986; Pääbo et al., 1988; Lawlor et al., 1991) ; frozen soft tissues 40-53,000 years old (Johnson et al., 1985; Rollo et al., 1988) , plant tissues from 4500 years old (Rollo et al., 1988) up to 17-20 million years old (Golenberg et al., 1990; Soltis et al., 1992) , and insect tissues trapped in amber as old as 135 million years (DeSalle et al., 1992; Cano et al., 1993) . Whether all of these data stand the test of time remains to be seen; at present some remain subject to fierce controversy (e.g. Sidow et al., 1991; Lindahl, 1993) .
For archaeological and anthropological research, bone and teeth form by far the most commonly surviving material from the past. In general, the time depth for DNA recovered so far from skeletal remains is rather shallow. Initial reports included amplifiable material of 5450 years (Hagelberg et al., 1989) and 5800 years (Horai et al., 1989) ; these dates have recently been extended to 25,000 years (Hoss & Pääbo, 1993) , but in spite of the fact that hydroxyapatite adsorption reduces the rate of depurination two-fold (Lindahl, 1993) , other reports of older retrievals have yet to be published.
As regards the degree of fragmentation, there is some evidence that DNA survives better in bone than in comparable soft tissue samples. Cooper et al. (1992) were able to amplify a 438-bp (base pair) fragment from a 3350-year-old moa rib bone, in comparison with only 150-bp fragments from soft tissue from the same individual. Survival seems to be related to the preservation state of the bone, which is not directly correlated with age but depends on the burial environment. Hagelberg et al. (1991) achieved weak amplification of an 800-bp fragment from one well-preserved mediaeval human bone, and found some correlation between micromorphological preservation and amplifiability, including the length of fragment that could be amplified, in a sample of six human femurs 300-750 years old, preserved in neutral to alkaline soil.
We have studied bone DNA from a number of sources, and we have begun to investigate the preservation of DNA from samples of different ages and from different environments. Work with human bones is dogged by problems of authentication, however. Here we discuss some of the criteria we have used in practice when evaluating putative ancient DNA, and the varying degrees of confidence that they imply for a range of sample materials.
Methods

Microscopy
Samples of bone were taken for histological examination of their state of preservation. A portion of a transverse slice of bone was impregnated with epoxy resin, mounted and polished on one face. This face was examined by optical microscopy in reflected light at magnifications up to 400 . Changes in the structure of the bone surface were differentially polished to reveal a surface structure which easily shows up the formation of pores, tunnels and hypermineralized destructive foci. Most of these are thought to be due to microbial action (especially fungi and possibly bacteria), exacerbated by the passage of groundwater through the enlarged pore structure. Well-preserved bone always shows the presence of osteocytes. It is possible to rank, on a reasonably objective basis, the extent of histological destruction, although this may vary on a range of different spatial scales (especially over several millimetres) (Millard, 1993) .
Pretreatment of samples
Some animal remains were obtained directly from an excavation at Guildford Castle, to use as controls in contamination tests. These were removed from the ground directly from shovel to sterile polythene bags.
All other samples were handled with disposable gloves at all times, although many had been handled by others prior to our obtaining them. We removed a piece of bone from the sample weighing several grams using a hacksaw blade that had been thoroughly cleaned by shotblasting with 100 aluminium oxide using an Airbrasive 6500 unit (S.S. White Industrial Products, NJ, U.S.A.), and subsequently handled the sample where necessary with shotblast-cleaned steel forceps or disposable plastic forceps. The bone was then cleaned by thorough abrasion with the shotblaster, removing as completely as possible the darkened tissue often seen at the surface. Samples treated with sodium hypochlorite bleach at 5% and 0·5% were soaked in a 50 ml Falcon tube for times specified below. Teeth were not shotblasted, but were soaked in 5% sodium hypochlorite for 15 min. All operations following shotblasting were carried out in filtered air. The samples were broken down using a steel percusion mortar, sterilized by soaking in 0·5% hypochlorite for 15 min and, in the case of bone, powdered using a coffee mill (Philips HR2914) which could be dismantled and sterilized in hypochlorite between samples.
DNA extraction
One gram of powder was rinsed with sterile water for injection and incubated in 5 ml 0·5  EDTA, pH 8, on a rotary shaker at room temperature for at least 24 h to decalcify the material. Sarkosyl (Sigma) was then added to 0·5% and Proteinase K (Sigma) to 100 g ml 1 , weighed out with a disposable sterile spatula, and incubation with shaking continued at 37 C. The DNA was then extracted with phenol, phenol/ chloroform (Camlab), and chloroform/isoamyl alcohol (BDH) at 24:1 (Sambrook et al., 1989) . Centrifugal dialysis with Centricon-30 microconcentrators (Amicon) was used to concentrate the samples to 50-100 l. The samples were then purified from the EDTA and discoloring inhibiting substances (humic and/or fulvic acids) using guanidine thiocyanate/ silica-gel columns (Boom et al., 1990 ; Magic DNA Clean-up System, Promega) which in most cases rendered even quite deeply coloured samples colourless. Samples were treated with Chelex-100 resin (BioRad) for 10 min at room temperature, taken off the resin with a pipette and stored at 20 C. One or two extraction blanks were performed per batch of between one and seven bone extractions. Where extractions have been performed on separate samples from a single skeleton, they were performed on separate occasions against separate extraction blanks.
Amplification
The polymerase chain reaction was carried out on chelex-treated DNA samples in the absence of gelatin, but in the presence of bovine serum albumin (BSA, 20 mg ml 1 solution from Boehringer) at 160 g ml 1 , these conditions having been optimized using an inhibition assay (Richards et al., in prep.) . Extracts were amplified in 10-25 l reactions containing gelatin-free PARR buffer (Cambio; 50 m KCl, 1·5 m MgCl 2 , 10 m Tris-HCl, pH 8·0, plus an unspecified detergent), deoxyribonucleotides at 200  each, 20 ng (0·5-0·6 ) of each primer and 0·1 units of Taq polymerase (Cambio). Some samples could only be amplified by the inclusion of phage T4 gene 32 protein (United States Biochemicals) at 40 g ml 1 (Lessa et al., 1992) . Primers used are listed in Table 1 . Mitochondrial DNA (mtDNA) base positions are numbered using the reference sequence of Anderson et al. (1981) . Two overlapping primer pairs, conL3/ conH3-B and conLC/conH2-B were used to amplify most of the first hypervariable segment of the mitochondrial DNA control region in fragments of 221 and 232 base pairs (bp). Primers cytbL1 or cytbL1-B and cytbH1 (based on Kocher et al., 1989) were used to amplify a 359-bp fragment of the mitochondrial DNA cytochrome b gene. Primers cytbL1 and cytbH3 were used to amplify a shorter, 173-bp product from the cytochrome b gene which includes a human-specific Xho1 restriction site. Primers Y1.1 and Y1.2 were used to amplify a 149-bp fragment of the Y chromosome repeat DYZ1 (Kogan et al., 1987; Hummel & Herrmann, 1991) . Three dilutions of the ancient extract, containing 3%, 1·5% and 0·4% of the extract from 1 g of bone, were amplified in parallel. The relevant extraction blank was diluted in the same way and amplified alongside the extracts, and six or more 6 l water blanks included with each batch of amplifications. About 10 l sterile light liquid paraffin oil (Pharmaceutical Manufacturing Unit, Torbay Hospital, Torquay) was used to cover the reactants. Cycling parameters were 40 cycles (unless otherwise specified) at 94 C for 1 min, 55 C for 1 min, 72 C for 1 min, with an initial denaturation of 4 min at 94 C and a final extension of 8 min at 72 C. Cycling was performed in an Autogene programmable water bath (Grant Instruments). Products were visualised by subjecting 4 l to electrophoresis in a 1·5% agarose (ICN Flow) gel, staining with 0·5 g ml 1 ethidium bromide and viewing under ultra-violet light. Competition experiments and restriction digests were performed as described (Richards et al., in prep.) . Cycling and product analysis were performed in a separate laboratory from earlier stages.
DNA sequencing
In most cases, it was necessary to reamplify products in order to produce sufficient for sequencing. Ten microlitres of product were subjected to electrophoresis on a 3% NuSieve agarose gel in 0·5 g ml 1 ethidium bromide and the fragment band cut out and trimmed with a sterile scalpel blade on an UV transilluminator, minimizing the exposure time to less than 15 s (Orrego & King, 1990) . The fragment was diluted 1 in 5 with sterile water (water for injections BP, Phoenix Pharmaceuticals Ltd., Gloucester) and 1 l used as template for a second round of PCR, in 25 l, using the same primers but without BSA and using standard PARR buffer, including gelatin (Cambio). Twenty microlitres was used for either one or two sequencing reactions, depending on the concentration of the second round product when checked on a 1·5% agarose gel. Direct sequencing was performed using the Dynal method. One primer in the amplification reactions (suffixed ''B'') was biotinylated at the 5 end. This enabled the product to be purified from the reaction mixture by capture onto an equal volume of Dynabeads (Dynal) in TES (10 m Tris, pH 8·0, 1 m EDTA, 0·1  sodium chloride), and separation from the supernatant with a magnet. One hundred microlitres of 0·15  sodium hydroxide was added to denature the DNA and the free non-biotinyated strand removed using the magnet. After washing with TES and sterile water the beads carrying the single-stranded DNA were resuspended in 7 l or 14 l sterile water and used for sequencing with the non-biotinylated PCR primer by the Sanger method using the Sequenase Version 2·0 kit (United States Biochemicals), following the kit's instructions, with [ -35 S]-dATP (Amersham). Sequence ladders were resolved on a 6% denaturing polyacrylamide gel, with batches of each of the four reactions run in adjacent lanes for ease of variant detection. The gels were dried and exposed on X-ograph blue film (X-ograph) for about two days.
Results
Mary Rose pig and cow bones
These were preserved in anoxic conditions under silt in the English Channel from the sinking of the Tudor warship in 1545 until its recovery in 1982. Microscopic examination indicated excellent preservation of one cow bone, in which osteocytes were clearly visible. DNA from the cow bone amplified readily at 40 cycles with bovine-specific primers AN1/AN2 to give a 158-bp product. DNA from the pig rib material amplified at 35 cycles with cytbL1-B/H1 to give a 359-bp product. Some 230 bp of this were sequenced with cytbH1, yielding a sequence identical to the pig reference sequence (Irwin et al., 1991) except for a thymine to cytosine transition at position 14932. This is a silent change in the third base of an alanine codon. Our modern pig control did not have this variant; nor do wild boar samples from Poland and the Pig Genome Project collection. However, the variant destroys an AluI restriction site and failure of products amplified from multiple extracts from these samples to digest with AluI was reproducible. The presence of this sequence variant therefore indicates that endogenous DNA has been recovered in this instance. We have also used competitive PCR, using an artificial competitor template comprising the human cytochrome b region within primers cytbL1 and cytbH1 containing an introduced EcoRI site, to quantify the amplifiable DNA in the pig bone extract (Richards et al., in prep.) . This was approximately 2% of the theoretical value expected for a modern sample. Since the sample is of relatively recent origin and shows exceptionally good micromorphological preservation, this may represent an upper limit for the amount of DNA likely to be recovered from ancient bone samples.
Port au Choix
We extracted DNA from six Archiac native American samples (designated NF1-6) from a 4000-year-old cemetery at Port au Choix, Newfoundland (Tuck, 1988) . We amplified these with primers conLC and conH2-B to yield 232-bp products in each case, though two extracts (NF5 and NF6) had to be purified twice before amplification was possible, due to incomplete removal of inhibition. From these, about 150 bp of sequence was obtained using primer conLC. Three individuals clearly fell into two of the four native American clusters identified in the Nuu-Chah-Nulth by Ward et al. (1991) . Within the region 16250-16400, NF1 had transitions at 16298, 16325, and 16327, falling into cluster III, and NF2 and NF5 both had transitions at 16290 and 16319, falling into cluster II. Interestingly, neither of these haplotypes is identical to any of those in the Ward data (from Ward et al., 1991) . Specimens NF3, NF4 and NF6 were all identical to the reference sequence for this region. This corresponds to cluster IV for this region, but caution is warranted because the reference sequence is uncommon even for this short region in the Nuu-Chah-Nulth, and could be due to contamination (see below). In this regard it is notable that the sequence of specimen NF2 is contaminated with the reference sequence at sites 16290 and 16319 (heteroplasmy would be unlikely to occur at more than one site if arising from a new mutation). However these specimens have also been correctly sexed with the DYZ1 primers Y1.1 and Y1.2, with the determination made blind from the agarose gel photograph by two independent interpreters. Sexing represents a possible control for contamination of extracts. Specimen NF2, which gave a mixed haplotype, was morphometrically male, in which contamination would be undetectable, as was NF4, which gave the reference sequence. However, both NF3 and NF6 typed correctly as female despite having the reference sequence.
Romsey Abbey
We extracted four bone fragments and a tooth from a single 19th-century individual with good gross morphological preservation. They were treated in various ways as a preliminary assessment of the relative merits of shotblasting and bleaching in removing extraneous contamination. One fragment was shotblasted and powdered in a coffee grinder. The remaining samples were not shotblasted. One fragment was soaked in sterile water and then 5% sodium hypochlorite for 1 min; half was powdered and half extracted whole. Another was soaked in sterile water and then flamed in a Bunsen flame for about 5 s per region of surface, then powdered. The tooth was soaked in the hypochlorite for 5 min and then fragmented with a percussion mortar but not powdered. All five samples yielded PCR products with the conLC/conH2-B primer pair and were sequenced between 16240 and 16400. The sequences were identical in each case, comprising two transitions at 16320 and 16355, a haplotype not present in our North European database (unpublished) but within the range of European variation. The only difference observed was that the whole bone sample gave this sequence mixed with reference sequence at these sites.
Iceman
The Tyrolean Iceman was found mummified and frozen in the Similaun-Oetztaler Alps in 1991 and has been radiocarbon dated to around 5300 years old (Höpfel et al., 1992) . Bone from the Iceman was soft and not easily broken up. Two independent extractions were performed by different operators and DNA amplified using 40 cycles PCR and sequenced with both control region primer pairs (conL3/conH3-B and conLC/conH2-B) in order to obtain most of the sequence between 16090 and 16400. The sequence obtained comprised transitions at 16224 and 16311, a common European haplotype which occurs seven times in our database of 111 North Germans and Danes (unpublished data), once in a database of 69 Sardinians (Di Rienzo & Wilson, 1991) , and also in Welsh and Icelandic databases which we are presently constructing (unpublished data), and once in a database of 72 Swiss individuals but not amongst 16 Oetztal inhabitants (Handt et al., 1994) . It also forms the root of two derived lineages in our German/Danish database, and three in the Sardinian database, but has not been found outside Europe. This sequence is also the haplotype of one of the operators in our laboratory, necessitating great caution in interpreting the result in spite of clean extraction blanks. However a sample processed separately by a second operator gave the same sequence, and preliminary data indicates differences between the operator and the Iceman sequence in the second hypervariable region of the control region. In addition, independent samples have been processed in a second laboratory, and have yielded the same haplotype (Handt et al., 1994) .
Early British/English humans
We have amplified about a dozen Anglo-Saxon and Roman-British samples from cemeteries at Finglesham, Berinsfield, Catterick and Ipswich, using one or both pairs of primers in the first hypervariable segment of the control region, with the aim of characterising the early Saxon population (Richards et al., 1993) . The bones were in general of poor micromorphology and were difficult to amplify reproducibly using 40 cycles of PCR, although the best preserved sample histologically was also the most reproducibly amplifiable. The sequences divided into two categories. Seven more reproducibly amplifiable samples (five from early Anglo-Saxon cemeteries, one betterpreserved specimen from a 9th century Anglo-Saxon cemetery, and one from a Romano-British cemetery) gave the reference sequence for most of the first hypervariable segment in all cases but one. The latter (a transition at 16189) was identical to the haplotype of one of the operators and has not yet been reproduced using an independently processed sample from the same skeleton. Several 600-year-old specimens from Hulton Abbey, England, also gave the reference sequence. Less reproducibly amplifying samples tended to yield variant haplotypes that were themselves not reproducible, with separate products yielding different haplotypes.
Early British animals
In a broader survey of survival and contamination, we have extracted DNA from a number of animal samples, primarily bovine, and tested them for amplification at 40 cycles with the primer pair AN1/AN2 which are bovine-specific. The results are shown in Table 2 . Since these primers specifically target animal DNA, problems with human contamination are avoided (isolation and negative controls are used to guard against carryover contamination). For known cow bones of between about 450 and 1800 years old, 17/22 (or more than 75%) amplified the fragment.
Most, but not all, of these samples were well preserved, but notably several poorly preserved medieval samples yielded amplification products. These results suggest that much material dating within the last two thousand years may contain some amplifiable DNA. We have also tested these samples with human specific primer pairs (conL3/H3-B or conLC/H2-B). Using a series of freshly excavated animal bones from Guildford Castle as negative controls, we have found evidence for prelaboratory human contamination in almost half of the samples described above. We also extracted DNA from a mammoth bone from Conningbrook, England, dating to 33,000 , and a tooth from Siberia around 10-20,000 years old (both histologically well-preserved). Both samples gave products when amplified with human-specific control region primers. They had different, distinctive haplotypes in the region 16090 to 16400; the Conningbrook sequence has been traced to an individual handling the bones before laboratory processing. (The haplotype occurs at a frequency of 4/111 in our northern European database.) Finally, we have extracted DNA from two samples of sheep bone from Middle Iron Age Danebury, which have excellent micromorphological preservation. Once again both samples gave products when amplified with human-specific control region primers. The haplotype obtained from each in the region 16250-16400 was the same as that obtained from the Conningbrook mammoth above, traced to pre-laboratory handling.
Removing contamination
To test whether it is possible to remove contamination, we deliberately contaminated a fragment of the Mary Rose pig bone by handling. The fragment was divided into 1 g pieces; one was untreated, one was very thoroughly shotblasted, and another soaked in 0·5% sodium hypochlorite for 1 h. They were tested for human contamination by digesting the 173-bp product formed by primers cytbL1 and cytbH3 with Xho1, which is specific for the human sequence. The unhandled extract gave only pig product (uncut) whereas the handled extract gave only human, suggesting that the human contamination was thoroughly outcompeting the endogenous pig DNA. The shotblasted sample gave pig DNA, and the bleached sample gave about equal amounts of each. Thorough shotblasting can therefore evidently be effective in removing large amounts of surface contamination from well-preserved bones, but bleach treatment may be useful in treating less well-preserved remains in which contamination may have penetrated the pores of the bone.
Discussion
We have used various criteria to accept or reject the authentication of DNA extracted from ancient skeletal remains. The Mary Rose pig reproducibly yielded a mtDNA cytochrome b sequence which varied from both the published reference pig sequence and also from a modern pig breed which we sequenced as a control. The polymorphism, as might be expected, results in a silent amino acid substitution. The detection of this variant strongly indicates that the bones themselves are the source of this DNA. We have also quantified this DNA to about 2% of modern tissue, indicating that the native DNA has survived in high copy number and that successful amplification is therefore not unexpected. Unfortunately, we have been so far unable to trace the porcine lineage represented by the Mary Rose animals, since modern European wild boar samples do not possess this sequence variant.
Three of the six Port au Choix bones were authenticated on a phylogenetic basis. The mtDNA control region haplotypes exhibit considerable geographic specificity, and these sequences fall into clusters that have only been found in the New World. This makes non-European samples more readily authenticated than European ones, since contamination is usually expected to be by Europeans. It is possible that the samples were contaminated by handling by modern native Americans; reproducibility of the haplotype using samples from different parts of the body, coupled with the occurrence of different haplotypes in different individuals is therefore also essential. Phylogenetic corroboration has other limitations; a genuine intrusion might well be assumed to be the result of contamination and disregarded. These samples were also sex-typed, and this provides a further check for contamination. Multiple handling or contamination by dust would almost certainly result in sex being determined as male. In this case, all six samples sexed correctly. This suggests that of the three samples for which the short part of the control region we sequenced was the reference sequence-the ones which typed as female-at least two were not contaminated by multiple handling (which, improbably, would have to be exclusively female) or dust. Further sequencing should therefore reveal an American haplotype. This sexing method, which amplifies the Y chromosome repeat DYZ1, lacks a control for the X chromosome, and may type female due to degradation of Y chromosome DNA. Ideally a method utilizing an internal control should be used, for example based on the amelogenin locus A. Stone, pers. comm.) ; however, where the copy number is low these methods, which require amplification of a single-copy region, may fail, as in the case of the Iceman (Handt et al., 1994) . Since the three negative individuals typed as female all yielded mtDNA products, and all typed morphometrically female, there is considerable support for the result. Nonetheless, further sequencing is necessary in order to confirm that the reference individuals are genuinely yielding native American haplotypes.
In the case of the Romsey Abbey specimen, five samples from a single individual were extracted in parallel. All yielded the same result, which was a recognizably European haplotype that had not previously been identified. One sample, the whole bone fragment, showed slight evidence in the sequence of contamination. This may indicate that, not surprisingly, extraction from whole, rather than powdered, bone is less efficient, and that traces of modern contamination which were not amplified in the other cases may have survived the bleach treatment (or entered subsequently, despite the clean extraction blank) and outcompeted the lower amount of native DNA. Any contamination present at the surface seems to have been adequately removed by both shotblasting and bleaching in the other cases, whilst the endogenous DNA has remained intact. The samples included a tooth; in some circumstances dentine shows better preservation than bone and may be valuable in checking dubious results or substituting for bone where it lacks DNA or is unavailable. The recovery of the same rare haplotype in five separate samples again lends strong support to the authenticity of the sequence, though their handling by one individual before reaching the laboratory cannot be entirely ruled out. Reproducibly obtaining distinctive sequences for each of a number of individuals from a particular site would increase confidence further; this is an important advantage of using the hypervariable mtDNA control region.
An important way in which confidence can be improved is for samples to be processed independently in different laboratories and the results compared. Ideally, in such cases, the samples should be received independently from the source. We have participated in one such endeavour, in which the Tyrolean Iceman has been sequenced both at Oxford and in Munich, yielding the same haplotype in each case (Handt et al., 1994) . Again, this cannot rule out contamination at the source, especially when the remains have been the subject of intense study, but it supports the view that when adequate containment facilities have been established, laboratory contamination becomes a relatively minor and controllable hazard in comparison with pre-laboratory contamination of the material.
The question of pre-laboratory contamination becomes especially important when dealing with poorly preserved remains containing little or no endogenous DNA. We have experienced this difficulty when amplifying Anglo-Saxon and Romano-British material. Poorly amplifying samples often yielded products with different haplotypes. These might be due to the presence of very few copies of both endogenous and contaminating sequences, or the accumulation of Taq polymerase errors following amplification from a very low copy number. The appearance of the reference sequence is more puzzling. It is undoubtedly an artefact in most instances (the better-preserved later Saxon sample may be an exception) since our northern European data and also that of Di Rienzo & Wilson (1991) for southern Europe both indicate a frequency of this haplotype in Europe of around 20-25%. It has also been found in native American samples which, on the basis of modern data (Ward et al., 1991) would be extremely unlikely to include the haplotype for the whole of the first hypervariable segment (N. Tuross & C. Kolman, pers. comm.). Several 600-year-old samples from Hulton Abbey gave the same result. Since the reference sequence (for around 16090-16400) is usually common in Europe, and is also the European consensus sequence (Piercy et al., 1993; Richards et al., 1993) , it seems likely to stem from either multiple handling by Europeans or European-shed dust present on the surface or within the pores of the bones. This contamination problem presents an important difficulty for work on prehistoric Europeans, and we are currently engaged in overcoming this by bleach treatment, by drilling out only the central core of the bone, and by comparing results from bone with those from teeth.
We have assessed a range of animal material of various ages and preservation conditions for both endogenous DNA and contamination, by specifically targeting bovine sequences with primers which do not amplify human DNA. This eliminates the problem of human DNA masking endogenous sequences, and it is likely that a positive signal indicates the presence of endogenous DNA. (The chief risk is from PCR carryover. We are confident that our containment procedures rule this out; this is based on clean PCR and extraction blanks, but in addition carryover contamination will generally give stronger positives than obtained with ancient DNA. Furthermore, carryover contamination at the PCR stage would not give reproducible results.) From this survey, it seems likely that DNA may survive even in some quite poorly preserved bones. Unfortunately, our results also indicate human contamination in many cases. This is not all of the reference sequence type, as described above, but sometimes can be traced to a specific individual. However, thorough shotblasting is often sufficient to clean bones which have been quite extensively handled, at least when they are well preserved. Flooding with bleach may also be useful in differentially destroyed modern cellular DNA trapped in the bone pores. The amplification of products from less well-preserved material of almost 2000 years old suggests that DNA survives in a wide range of bone material over this time period and that the chief difficulty with human remains may not be survival, but the reduction of access due to more recent contamination.
Reproducibility must remain the essential criterion for ancient DNA sequences. At the initial level of the amplification product, we take either a convincing extract dilution series or reproducibility of product at a particular concentration to indicate successful amplification from the extract. However, it is sometimes the case that different products amplified from poorly preserved specimens do not give reproducible sequences, either due to contamination with or without jumping PCR , or Taq polymerase sequence errors in amplifying low copy number DNA, and there may be no grounds for choosing one rather than another. In particular, reproducibility between samples processed separately in different laboratories can increase confidence at this stage. However, reproducibility itself must be treated with caution. Some samples have been contaminated with modern DNA during pre-laboratory handling and reproducibly yield the incorrect sequence, as shown by our work with animals. Sampling different parts of the skeleton may still give misleading results if the material has been subsequently handled by the same individual, or by many individuals which combine to form the European consensus sequence. Here the greater protection afforded to dentine by the enamel coating of teeth may provide a more reliable test where the preservation is fair. It is usually also the case that contaminating DNA is in better condition than the endogenous DNA, and it may be possible to screen out contamination by using progressively closer primer pairs if the quantity relative to the fragmented and damaged ancient DNA is low (Handt et al., 1994) .
Despite the difficulties it raises, phylogenetic expectation, in the case of non-European specimens, can greatly increase the level of confidence since mtDNA control region haplotypes are fairly geographically specific, at least at the continental level. At the European level, phylogenetic expectation is much more difficult to apply, but for the mtDNA control region would constitute the sort of haplotype distributions that have been found in modern populations. This would make the use of nuclear markers with lower levels of polymorphism correspondingly more difficult to authenticate. At both of these levels, the difficulty is that unexpected results may be taken as contamination rather than as challenging historical orthodoxy. Nevertheless a broad range of phyologenetic expectation certainly allows a finer range of testing which can contribute understanding to archaeological issues.
